Introduction {#S0001}
============

Increasing resistance patterns to antibiotic therapy limit the use of many previously developed antibiotics available and necessitates the selection of newer agents.[@CIT0001] Therefore, new drugs have been developed to overcome bacterial drug resistance. The last-line agent for gram-negative bacteria that have developed resistance towards commonly used antibiotics is polymyxin E (PolyE).[@CIT0002],[@CIT0003] Although yet effective, adverse reactions such as nephrotoxicity related to PolyE limits its use and thereafter its efficacy.[@CIT0004]--[@CIT0007] Therefore, finding supportive treatments to alleviate PolyE-induced renal injury could be of great worth.

Some studies mentioned the oxidative stress mechanism in PolyE-induced nephrotoxicity.[@CIT0008],[@CIT0009] It has been well-documented that oxidative stress biomarkers, including lipid peroxidation, protein carbonylation, and disturbance in cellular antioxidant mechanisms, are evident in the kidney of PolyE-treated animals.[@CIT0008],[@CIT0009] Hence, the administration of protective agents with antioxidant properties could alleviate PolyE-induced renal injury.

Curcumin (CUR) is a potent radical scavenger and an antioxidant molecule that has been vastly studied for its cytoprotective characteristics.[@CIT0010],[@CIT0012] It has been stated in previous studies that CUR could have antioxidant qualities, and this statement has been supported by showing improvements in cellular antioxidant capacity, reducing oxidative stress, and alleviation of xenobiotics-induced cytotoxicity following the use of CUR[@CIT0013],[@CIT0014] at the same time showing renoprotective effects.[@CIT0012]

In the current investigation, the potential nephroprotective properties of CUR supplementation have been evaluated in an in vivo model of PolyE-induced renal injury. Data collected from this study could propose the use of agents that can help towards the better efficacy of antibiotic treatment while reducing their adverse reactions.

Materials and Methods {#S0002}
=====================

Chemicals {#S0002-S2001}
---------

Reduced glutathione (GSH), 2′,7′-Dichlorofluorescein diacetate (DCFH-DA), oxidized glutathione (GSSG), trichloroacetic acid (TCA), Malondialdehyde (MDA), 2,4-dinitrofluorobenzene (DNFB), Coomassie brilliant blue, 2, 4, 6-tripyridyl-s-triazine (TPTZ), Dithiothreitol (DTT), Ferric chloride hexahydrate (FeCl~3~.6H~2~O), curcumin, rhodamine123 (Rh 123), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), thiobarbituric acid (TBA), and iodoacetic acid, were purchased from Sigma (Sigma-Aldrich, St. Louis, MO). Commercial kits from Pars Azmoon^®^ (Tehran, Iran) were used to evaluate plasma biomarkers of renal injury. Colistin was purchased from Beacon Pharmaceuticals. Meta-Phosphoric acid, Ethylenediaminetetraacetic acid (EDTA), 2-amino-2-hydroxymethyl-propane-1, 3-diol-hydrochloride (Tris-HCl), and n-butanol were bought from Merck (Darmstadt, Germany).

Animals {#S0002-S2002}
-------

This study was approved by ethics committee of Shiraz University of Medical Sciences,(IR.sums.REC.1396.S365) and a local ethical guideline approved by Shiraz University of Medical Sciences followed for the welfare of the laboratory animals. This study was performed on BALB/c mice weighing 20--25 g (n = 40, 7--8 weeks' age). Animals were kept in an ambient temperature of 23 ± 2ºC, 12 h light/dark cycle with ≈40% relative humidity. Mice had free access to a commercial animal diet (Behparvar^®^, Tehran, Iran) and tap water. All procedures were approved by an ethics committee at Shiraz University of Medical Sciences, Shiraz, Iran (1396--01-36-14397). Ethical approval was obtained from the ethics committee of Shiraz University of Medical Sciences (1396--01-36-14397).

Experimental Setup {#S0002-S2003}
------------------

Mice were randomly allocated into 5 groups (n = 8 per group): 1) serve as control (Vehicle-treated group, received normal saline for 7 consecutive days), 2) received PolyE (15 mg/kg/day, i.v) for 7 consecutive days; 3) received PolyE (15 mg/kg/day, i.v) + CUR (10 mg/kg/day, gavage) for 7 consecutive days; 4) received PolyE (15 mg/kg/day, i.v) + CUR (100 mg/kg/day, gavage) for 7 consecutive days; and 5) received PolyE (15 mg/kg/day, i.v) + CUR (200 mg/kg/day, gavage) for 7 consecutive days. Normal saline (Sodium chloride 0.9% w: v) was used as PolyE and CUR vehicle (2.5 mL/kg). Intravenous administration of PolyE (15 mg/kg/day of COL for 7 consecutive days) induced noticeable kidney injury in mice.[@CIT0015]

Kidney Samples and Plasma Biochemistry {#S0002-S2004}
--------------------------------------

Mice were anesthetized (Thiopental 80 mg/kg, i.p), twenty-four hours after the final dose of PolyE. Kidney and blood and specimens were collected. Serum urea and creatinine levels were assessed using a Mindray BS-200^®^ auto analyzer and commercial kits (Pars Azmoon^®^, Tehran, Iran).[@CIT0016]

Histopathology of the Kidney Tissue {#S0002-S2005}
-----------------------------------

Kidney samples were fixed in 10% neutral buffered formalin solution (0.6% w: v sodium phosphate dibasic, 0.4% w: v sodium phosphate monobasic, 10% v: v formaldehyde, and sodium phosphate mono-basic, in double-distilled water), and embedded in paraffin. Paraffin-embedded samples were cut using a microtome (5 μm) and stained with hematoxylin-eosin (H&E). A quantitative method was employed to grade kidney injury. Tissue histopathological changes have reported as: 0 (no change), +1 (mild change), +2 (mild to moderate change), +3 (moderate change), +4 (moderate to severe change) and +5 (severe change). Tissue histopathological changes were evaluated blindly.

Assessment of Kidney Tissue Reactive Oxygen Species (ROS) Formation {#S0002-S2006}
-------------------------------------------------------------------

The kidney tissue samples (200 mg) were homogenized in an ice-cooled Tris-HCl buffer (2 mL; 40 mM, pH = 7.4, 4ºC). Afterward, 100 µL of tissue homogenate was mixed with 1 mL of Tris-HCl buffer (40 mM, pH = 7.4) and 2′, 7′-dichlorofluorescein diacetate (10 µL; final concentration 10 µM). The mixture was incubated in the dark in (15 min, 37ºC). Finally, the fluorescence intensity of the samples was measured using a FLUOstar Omega^®^ (BMG Labtech, Germany) multifunctional microplate reader (λ ~excitation~ = 485 nm and λ ~emission~ = 525 nm).[@CIT0016],[@CIT0017]

Renal Reduced and Oxidized Glutathione Content {#S0002-S2007}
----------------------------------------------

A high-performance liquid chromatography (HPLC) method based on samples derivatization with iodoacetic acid and fluoro-2,4-dinitrobenzene was used to assess the reduced (GSH) and oxidized (GSSG) glutathione levels in the kidney tissue. The HPLC system consisted of the stationary phase of an NH~2~ column (Bischoff chromatography, Leonberg, Germany, 25 cm, 5 µm) was used.[@CIT0018] The mobile phases (Flow rate 1 mL/min) consist of buffer A (Acetate buffer: Water; 1:4 v/v) and buffer B (Methanol: Water; 4:1 v/v) and a gradient method (a steady increase of buffer B to 95% in 25 minutes). The UV detector was set at λ = 252 nm.[@CIT0018] Samples of kidney tissue (200 mg) were homogenized (Tris-HCl buffer 250 mM; pH = 7.4; 4ºC). Then, 500 µL of meta-phosphoric acid (50% w: v) was added, and samples were incubated on ice (5 min). Then, samples were centrifuged (17,000 g, 20 min, 4ºC). Afterward, 1 mL of the supernatant was added to a 5 mL tube, and ≈200 µL of the NaOH: NaHCO~3~ (2 M: 2 M) was added. Afterward, iodoacetic acid (100 µL of 1.5% w: v solution in water) was added, and samples were incubated in the dark (1 h, 4ºC). After the incubation time, 500 µL of 2, 4-dinitrofluorobenzene (1.5% v: v in absolute ethanol) was added, and samples were incubated for 24 hours at 25ºC. Finally, the homogenates were centrifuged (17,000 g, 20 min), and 25 µL of the supernatant was injected into the described HPLC system.[@CIT0018],[@CIT0019]

Lipid Peroxidation in the Renal Tissue {#S0002-S2008}
--------------------------------------

The thiobarbituric acid reactive substances (TBARS) was used as an index of lipid peroxidation in the renal tissue. Briefly, one mL of tissue homogenate (10% w: v, 4ºC) was added to 3 mL of a reaction mixture consisted of thiobarbituric acid (0.375% w: v in double-distilled water), trichloroacetic acid (15% w: v in double-distilled water), and 1 mL of hydrochloric acid (12 N). Samples were vortexed (5 min) and heated in a water bath (100 °C, 45 min).[@CIT0020],[@CIT0021] Subsequently, n-butanol (2 mL) was added, and vortexed (5 min). Then, the reaction mixture was centrifuged (10,000 g, 10 min) and the absorbance of the developed color in the upper phase was determined (λ = 532 nm), using an Epoch^®^ plate reader (Bio-Tek^®^ Instruments, Highland Park, USA).[@CIT0022],[@CIT0023]

Ferric Reducing Antioxidant Power (FRAP) of the Kidney {#S0002-S2009}
------------------------------------------------------

The total antioxidant capacity of the renal tissue was determined by FRAP assay.[@CIT0024] The FRAP reagent consisted of 10 volumes of the acetate buffer (300 mmol/L, pH = 3.6), 1 volume of ferric chloride (FeCl~3~, 20 mmol/L in deionized water), and 1 volume of TPTZ (10 mmol/L in 40 mmol/L hydrochloric acid). Kidney tissue homogenate was prepared in 250 mM Tris-HCl buffer (containing 200 mM sucrose, and 5 mM DTT, pH = 7.4, 4ºC). Then, 100 µL of the tissue homogenate was added to 900 µL of the FRAP working solution.[@CIT0025] The reaction mixture was then incubated for five minutes in the dark (37ºC). Finally, samples were centrifuged (17,000 g, 2 min,4ºC), and the absorbance of developed color was read (λ = 595 nm, Epoch^®^ plate reader, Bio-Tek^®^ Instruments, Highland Park, USA).[@CIT0025],[@CIT0026]

Statistical Analysis {#S0002-S2010}
--------------------

Data are given as the mean ± SD. Data comparison by the one-way analysis of variance (ANOVA) with Tukey's multiple comparisons as the *post hoc* test was performed. Histopathological changes scores are given as median and quartiles for eight random pictures per group. The statistical analysis of histopathological scores was performed by the Kruskal--Wallis tests, followed by the Mann Whitney *U*-test. We considered P \< 0.05 as statistically significant.

Results {#S0003}
=======

Biomarkers of Renal Injury in Polymixin E-Treated Animals {#S0003-S2001}
---------------------------------------------------------

Renal injury, according to the rise in serum creatinine (Cr) and blood urine nitrogen (BUN) was evident in PolyE-treated animals ([Table 1](#T0001){ref-type="table"}). Furthermore, CUR treatment (10, 100, and 200 mg/kg/day) significantly decreased biomarkers of renal injury in PolyE-treated animals ([Table 1](#T0001){ref-type="table"}).Table 1Plasma Biochemical Measurements in Polymyxin E (PolyE)-Treated MicePlasma MarkerControlPolyE\
15 mg/kgPolyE\
+ CUR 10 mg/kgPolyE\
+ CUR 100 mg/kgPolyE\
+ CUR 200 mg/kgBUN (mg/dl)44 ±885 ±13\*53±9^a^54 ±4^a^54 ±6^a^Creatinine (mg/dl)0.48±0.120.83±0.15\*0.56±0.06^a^0.55±0.05^a^0.51±0.05^a^[^1][^2]

Effects of Curcumin on Polymyxin E-Induced Oxidative Stress in the Renal Tissue {#S0003-S2002}
-------------------------------------------------------------------------------

Oxidative stress-induced by PolyE was seen in the renal tissue of the study population showing ROS and tissue oxidized glutathione (GSSG) formation with higher levels of lipid peroxidation. ([Figure 1](#F0001){ref-type="fig"}). With intravenous PolyE injection, the level of reduced glutathione (GSH) stores and tissue antioxidant capacity was significantly decreased ([Figure 1](#F0001){ref-type="fig"}). CUR administration (10, 100, and 200 mg/kg/day) significantly alleviated oxidative stress biomarkers in the kidney of PolyE-treated mice ([Figure 1](#F0001){ref-type="fig"}).Figure 1Kidney tissue markers of oxidative stress in polymyxin E (PolyE)-treated mice and the effect of curcumin (CUR) treatment. Data are given as mean ± SD (n = 8). \*\*\*Indicates significantly different as compared with the control group (P \< 0.01). ^a^Indicates significantly different as compared with the PolyE group (P \< 0.05).

Curcumin Alleviates Polymyxin-Induced Renal Histopathological Alterations {#S0003-S2003}
-------------------------------------------------------------------------

Renal tubular changes consisting of acute necrosis, casts, and dilation evaluated histopathologically were obvious in PolyE-treated animals ([Figure 2](#F0002){ref-type="fig"} and [Table 2](#T0002){ref-type="table"}). CUR treatment (10, 100, and 200 mg/kg/day) mitigated renal histopathological alterations due to PolyE injections ([Figure 2](#F0002){ref-type="fig"} and [Table 2](#T0002){ref-type="table"}).Table 2Grade of Kidney Tissue Histopathological Alterations in Polymyxin E (PolyE)-Treated MiceTreatmentsInterstitial NephritisTissue NecrosisGlomerular AtrophyControl0 (0, 0)**^\#^**0 (0, 0)^\#^0 (0, 0)^\#^PolyE 15 mg/kg2 (2, 2)4 (3, 4)3 (3, 3)PolyE + CURC 10 mg/kg1 (0, 1)2 (1, 1)^\#^2 (1, 1)^\#^PolyE + CURC 100 mg/kg0 (0, 0)^\#^1 (0, 1)^\#^2 (1, 1)^\#^PolyE + CURC 200 mg/kg0 (0, 0)^\#^1 (0, 1)^\#^1 (0, 1)^\#^[^3][^4] Figure 2Kidney histopathological alterations in polymyxin E (PolyE)-treated animals. Typical kidney tissue histopathology (**A**). Tubular necrosis, interstitial inflammation, and atrophy were evident in PolyE-treated (15 mg/kg/day, i.v, seven consecutive days) animals (**B**). It was found that curcumin administration significantly decreased PolyE-induced renal injury (PolyE + curcumin; (**C**--**E**) for 10, 100, and 200 mg/kg of curcumin, respectively). The grades of kidney histopathological alterations are given in [Table 2](#T0002){ref-type="table"}.

Discussion {#S0004}
==========

In this study, we demonstrated that co-administration of CUR with PolyE in a vivo model could ameliorate PolyE-induced renal injury. Bacterial resistance to antibiotics is a severe clinical challenge.[@CIT0009],[@CIT0027] Several strategies have been developed to overcome this complication.[@CIT0009],[@CIT0027] The last-line agent for gram-negative bacteria that have developed resistance towards commonly used antibiotics is PolyE.[@CIT0006],[@CIT0027] However, renal injury is a severe adverse effect due to PolyE administration.[@CIT0028],[@CIT0029] Although minimizing PolyE dose might limit its nephrotoxicity, but drug efficacy is also significantly influenced. Hence, finding ancillary treatments could mitigate PolyE-induced nephrotoxicity and enhance its efficacy.

Different studies mentioned the pivotal role of oxidative stress in the mechanism of PolyE-induced nephrotoxicity.[@CIT0030]--[@CIT0035] The increase of reactive oxygen species (ROS) level, deterioration of biological membrane lipids performance, increased cellular protein injury, and alteration in cellular antioxidant systems have been documented in the kidney of PolyE-treated animals.[@CIT0008],[@CIT0009] It was found that CUR treatment significantly decreased PolyE-induced oxidative stress in the mice kidney.

CUR is a phenolic compound widely studied for its pharmacological properties. The antioxidant properties of CUR as an active ingredient of polyphenolic curcuminoids have been repeatedly investigated.[@CIT0010],[@CIT0012],[@CIT0036]-[@CIT0041] The direct radical scavenging properties of CUR play a crucial role in the antioxidant properties of this compound.[@CIT0011],[@CIT0038] On the other hand, it has been found that CUR significantly upregulates cellular enzymatic and non-enzymatic antioxidant systems.[@CIT0010],[@CIT0040],[@CIT0042],[@CIT0043] It has been found that CUR effectively protects the kidney against oxidative stress induced by diseases or several nephrotoxic chemicals.[@CIT0012],[@CIT0036],[@CIT0039] Pivotal mechanisms of curcumin renoprotective activity include: master regulator of antioxidant response nuclear factor erythroid-derived 2 (Nrf2) induction, mitochondrial dysfunction inhibition, inflammatory response amelioration, antioxidant enzymes preservation, and oxidative stress prevention.[@CIT0044] Curcumin was effective in the prevention of an increase in serum levels of urea, creatinine, and MDA, compared with the control group. In a study by Mercantepe et al, the effects of curcumin in cisplatin-induced nephrotoxicity in rats was evaluated. The results showed a protective role of curcumin in cisplatin-induced nephropathy. Its renoprotective effects can lead to the maintenance of the renal function and redox balance of mitochondria.[@CIT0045] Several clinical trials mentioned the therapeutic role of curcumin in a variety of human diseases.[@CIT0001] The effects of curcumin against Alzheimer's disease, acute coronary syndrome, atherosclerosis, diabetic nephropathy, diabetic microangiopathy, gallbladder, alcohol intoxication, has been undergoing clinical trials.[@CIT0001] A wide range of curcumin doses has been applied for clinical purposes (eg, 10--180 mg/day for two months in coronary artery diseases or 1--4 g/day for Alzheimer's disease).[@CIT0001] Hence, this compound could be considered as a safe agent for clinical applications.

In another study, evaluating the protective effects of curcumin in gentamicin-induced nephrotoxicity, it was shown that the positive effects of curcumin are due to the reduction of oxidative stress. Curcumin could reduce the biomarkers of renal injury and renal tubule necrosis in AKI.[@CIT0046] Based on the data obtained from this study, the antioxidative effects of CUR play a significant role in its renoprotective properties against PolyE nephrotoxicity. Many clinical trials showed the protective effects of CUR in human diseases.[@CIT0047],[@CIT0048] Hence, this compound could be clinically applicable to drug-induced adverse effects such as PolyE-induced renal injury.

Our study results support the protective quality of CUR towards renal toxicity induced by PolyE. However, more research is necessary to ascertain the probable beneficiary effects of CUR on PolyE induced toxicity regarding the exclusion of possible drug interactions.
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[^1]: **Notes:** Data are given as mean ± SD (n = 8). \*Indicates significantly different as compared with the control group (P \< 0.01). ^a^Indicates significantly different as compared with PolyE 15 mg/kg group (P \< 0.05).

[^2]: **Abbreviation:** CUR, curcumin.

[^3]: **Notes:** Data are represented as median and quartiles for eight random pictures per group. ^\#^Indicates significantly different as compared with the PolyE-treated group (P \< 0.01).

[^4]: **Abbreviation:** CUR, curcumin.
